Unlike commonly observed ambipolar graphene field-effect transistors (GFETs) that show a V-shape transfer curve with hole and electron conduction region switching at the Dirac point, all our GFETs with graphene from chemical vapor deposition show p-type unipolar conduction under a wide range of back-gate voltage sweeping. After evaporating 3 nm-thick Al thin film on graphene surface, the unipolar characteristic was changed to ambipolar. The reason for this conversion might be that the as-prepared GFETs were p-type doped during the device fabrication process, while Al film has an n-type doping effect on graphene, thus restoring the intrinsic characteristics of GFETs. As the two-dimensional graphene shows outstanding properties, such as high carrier mobility, 1-3 high sensitivity, 4 etc., graphene field-effect transistors (GFETs) have attracted broad interest for its wide application potential in RF applications, 5-8 sensors, 9,10 memories, 11 and so on. Generally, GFETs show ambipolar field effect, or a V-shape transfer characteristic curve, due to its unique cone-like zerobandgap band structure. 1, 12 Under the electrostatic effect of gate voltage, the carrier type in graphene switches between hole and electron when the Fermi level crosses the Dirac point, therefore, a V-shape transfer characteristic curve consisting of hole conduction region, electron conduction region, and a transition zone was obtained. Unipolar GFETs with only hole (p-type) or electron (n-type) conduction were also reported. [13] [14] [15] Li et al. 13 fabricated unipolar p-type GFETs with Ti passivation layer on top of graphene and converted them to n-type by annealing in N 2 atmosphere and subsequent Si 3 N 4 passivation. The formation of p-type graphene transistor was attributed to hole doping effect by charge transfer between Ti adatoms and graphene, whereas the desorption of the oxygen and/or water molecule was demonstrated to the key of the conduction-type conversion. Yan et al.
14 employed polymer film coating on the surface of graphene channel and unipolar n-type graphene transistor was obtained. The amine groups in polymer served as effective electron donor and hole traps simultaneously, thus resulting in the transformation of the ambipolar to unipolar conduction. Khaderbad et al. 15 made unipolar p-type graphene transistor by depositing a self-assembled monolayer at metal contact/graphene interface and demonstrated the unipolar property induced by the increase of electron-injection barrier and the reduction of the hole-injection barrier at the interface. Contrary to the above literatures, in this Letter, we report an opposite conversion of GFETs, which initially showed unipolar p-type property and then changed to be ambipolar after a simple processing. The GFETs were fabricated through common chemical vapor deposition (CVD) method and photolithography process without any special treatment. The as-prepared GFETs were then deposited with 3 nm-thick Al thin film and the electrical characteristics were measured again, which turned out to be ambipolar. The reason for the unipolar to ambipolar conversion was discussed. The strong electron doping of Al film or the desorption of the oxygen and water molecule from the graphene surface was supposed to be the main reason for the unipolar to ambipolar conversion.
Graphene films with area of several square centimeters were synthesized by CVD on copper foils, as described previously. 16 After polymethylmethacrylate (PMMA) spincoating, graphene/Cu films were placed on the surface of the etching solution (1M FeCl 3 and 1M HCl) until the copper foils were completely etched away. The PMMA/graphene films were then rinsed in de-ionized water for several times before transferred onto Si/SiO 2 (300 nm) substrates. PMMA was subsequently removed by acetone. Fig. 1(a) shows the photograph of graphene transferred on a Si/SiO 2 substrate. Photolithography was employed to define the channel region of graphene and oxygen plasma to remove the unwanted graphene. Fig. 1(b) shows the micrograph of graphene after patterning. Fig. 1(c) shows the atomic force microscopy (AFM) image of the edge of the patterned graphene. The inset displays the height profiles along the white line marked in the AFM image. The thickness of graphene is $3.5 nm. Finally, source and drain electrodes (50 nm-thick Ni film or Ti(10 nm)/Au(50 nm) layer) were deposited by e-beam evaporation and lift-off process. Fig. 1(d) shows a typical GFET with metal electrodes. The schematic diagram of the device structure is shown in Fig. 1(e) .
The current-voltage (I-V) characteristics of GFETs were measured by Keithley 4200 in ambient atmosphere at room temperature. Fig. 2 1 the present GFET only shows hole conduction branch while the electron conduction branch is not observed at positive gate bias. As indicated in Fig. 2(a) , the I ds -V gs curve can be divided into three regions: saturation region, linear region, and low conduction region. In the saturation region, the current gradually reaches saturated when V gs increases towards the negative direction, which might be induced by the enhanced scattering or Joule heating. 17 In the linear region, the current is almost linear, indicating a linear field effect (more specifically, hole density is linearly changed with gate voltage). In the low conduction region, the current decreases continuously without the trend of rising even when V gs is up to 200 V. The measured I ds -V gs curve can be regarded as the normal V-shape transfer curve shifting towards the positive direction with a large voltage offset.
The carrier mobility l can be estimated through the following formulation:
where DI ds /DV gs is the slope of the I ds -V gs curve, W and L are the channel width and length, respectively, and C i is the capacitance per unit area of the SiO 2 dielectric (C i ¼ 1.15 Â 10 À8 F/cm 2 for 300 nm-thick SiO 2 film). According to Eq. (1), the mobility of the GFET in the linear region is estimated to be 234 cm 2 /VÁs. The possible reason for this low mobility value is attributed to several factors, such as the quality of graphene, the environment conditions for the measurement, and the effect of contact resistance at graphene/ metal interface. Fig. 2(b) shows the output characteristics (I ds -V ds ) of the GFET. V ds is swept ranging from 0 to 0.1 V, and the gate voltage is varied from À100 V to 150 V with the step of 50 V. The change in the slope of I ds -V ds curves represents the variation of the channel conductivity, which further indicates the change of carrier density in graphene channel. The slope changes sharply when V gs is ranging from 0 to100 V, which corresponds to the linear region in the I ds -V gs curve.
After the electrical measurements, a layer of 3 nm-thick Al film was deposited on the surface of the prepared GFETs by electron beam evaporator, and the electrical properties were characterized again. Surprisingly, the V-shape transfer characteristics were restored after Al deposition. As indicated in Fig. 3(a) , the branch of linear hole conduction as well as electron conduction was clearly observed, with the Dirac point at À5 V. Besides, the hole and electron conduction seems nearly symmetric between 675 V. Fig. 3(b) shows the corresponding I ds -V ds curves. Different with the GFETs without Al deposition, whose conductance was monotonically decreases with the gate voltage sweeping forward, the conductance of the GFETs after Al deposition decreases when V gs < 0, and then increases after V gs > 0 due to the increase of electron conduction. The I ds -V ds curves also demonstrate the symmetry 253505 (2012) of the hole and electron mobility as the current almost coincides under the same voltage value with opposite polar. Therefore, the deposition of Al film achieves unipolar to ambipolar conversion in GFETs.
253505-
The mechanism for the conversion was analyzed and discussed. We propose that the strong n-type doping effect of Al on graphene plays an important role for the conduction-type conversion. Graphene transistors located in ambient condition are often p-doped by adsorbate dopants, such as the oxygen and water molecules weakly adsorbed on graphene surfaces, 12, 18, 19 as well as the residues remained during device fabrication, 20 which cause the Dirac point a large shift towards the positive direction. By removing those dopants with high-temperature annealing in N 2 or vacuum condition, 21 the intrinsic characteristics of GFET with Dirac point near zero could be restored. Therefore, for the initially p-type unipolar GFETs, it might be the result of unintentional p-type doping on graphene during the device fabrication. Because of the strong n-type doping effect on graphene, 22 the deposited Al film could neutralize the effects of p-type dopants and, therefore, lead to the emergence of the V-shape transfer curve for GFETs. Another reasonable interpretation is that the oxygen and water molecules on graphene surface were attached to Al atoms immediately, as the source of oxidation for Al, which is easily oxidized especially when the thickness is in several nanometer scale. Therefore, the oxygen and water molecules were desorpted from graphene surface and have a less doping effect on graphene, consequently realizing a restoration of the intrinsic ambipolar characteristic of GFETs.
Moreover, the properties of GFETs with Al film deposition were also measured after ten days. The comparison of the electrical properties of GFETs measured immediately after Al deposition and that after ten days later are shown in Fig. 4 . Obviously, the ambipolar characteristic was maintained even after ten days. Usually, the insintric properties of graphene could be obtained by annealing, but it would immediately shift back after the devices re-exposed in air. The Dirac point in our experiment shifted only several volts towards positive direction compared with the previous measurement. Therefore, our results demonstrate a quite stable effect of Al film.
In summary, we report the initial p-type graphene transistors prepared by normal fabrication process converted to ambipolar after deposition 3 nm-thick Al thin film on graphene surface. The mechanism for this conversion is proposed. As-prepared graphene transistors were unintentional p-type doped during device fabrication, while Al film has an n-type doping effect on graphene, thus restoring the intrinsic characteristics of GFETs. After the treatment of Al film deposition, the GFETs possess relatively stable electrical property even after ten days. 
